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Abstract 20 
Mediterranean Outflow Water (MOW) is thought to be a key contributor to the strength and 21 
stability of Atlantic Meridional Overturning Circulation (AMOC), but the future of 22 
Mediterranean-Atlantic water exchange is uncertain. It is chiefly dependent on the difference 23 
between Mediterranean and Atlantic temperature and salinity characteristics, and as a semi-24 
enclosed basin, the Mediterranean is particularly vulnerable to future changes in climate and 25 
water usage. Certainly, there is strong geologic evidence that the Mediterranean underwent 26 
dramatic salinity and sea-level fluctuations in the past.  27 
Here, we use a fully coupled atmosphere-ocean General Circulation Model to examine the 28 
impact of changes in Mediterranean-Atlantic exchange on global ocean circulation and 29 
climate. Our results suggest that MOW strengthens and possibly stabilises the AMOC not 30 
through any contribution towards NADW formation, but by delivering relatively warm, 31 
saline water to southbound Atlantic currents below 800 m. However, we find almost no 32 
climate signal associated with changes in Mediterranean-Atlantic flow strength. 33 
Mediterranean salinity, on the other hand, controls MOW buoyancy in the Atlantic and 34 
therefore affects its interaction with the shallow-intermediate circulation patterns that govern 35 
surface climate. Changing Mediterranean salinity by a factor of two reorganises shallow 36 
North Atlantic circulation, resulting in regional climate anomalies in the North Atlantic, 37 
Labrador and Greenland-Iceland-Norwegian Seas of ±4 °C or more. Although such major 38 
variations in salinity are believed to have occurred in the past, they are unlikely to occur in 39 
the near future. However, our work does VXJJHVWWKDWFKDQJHVLQWKH0HGLWHUUDQHDQ¶V40 
hydrological balance can impact global-scale climate. 41 
 42 
43 
1. Introduction 44 
The exchange of water between the Mediterranean and Atlantic, which today occurs through 45 
the Gibraltar Straits, is an important control on Mediterranean water temperature and salinity 46 
characteristics (Béthoux and Pierre 1999; Bethoux and Gentili 1999; Bethoux et al. 1999; 47 
Cacho et al. 2002; Gómez 2003; Dubois et al. 2011). These in turn affect thermohaline ocean 48 
circulation in the Mediterranean basin, redistributing heat and impacting regional climate 49 
(Candela 1991; Alhammoud et al. 2010; Sanchez-Gomez et al. 2011). But far from being 50 
unilateral, the system feeds back into itself. The geometry of the Gibraltar Straits; which is 51 
influenced by processes of erosion, tectonics and changes in eustatic sea level (Bethoux and 52 
Gentili 1999; Loget and Vandendriessche 2006; Govers et al. 2009; Alhammoud et al. 2010); 53 
governs the volume of water that can physically pass between basins at any one time and so 54 
can be described as the primary control on Mediterranean-Atlantic exchange (e.g. Stommel 55 
and Farmer 1952, 1953; Bryden and Kinder 1991; Bryden et al. 1994; Rogerson et al. 2012). 56 
However, salinity and temperature exchange through the Straits is also regulated by the 57 
density gradient across it (e.g. Bryden et al. 1994; Thorpe and Bigg 2000; Mariotti et al. 58 
2002; Somot et al. 2006), therefore providing a feedback system between Mediterranean 59 
water characteristics and Mediterranean-Atlantic exchange. 60 
A local surfeit in evaporation over precipitation and runoff causes a freshwater deficit in 61 
the Mediterranean of 400-600 mm yr-1 (Bryden et al. 1994; Bethoux and Gentili 1999; 62 
Jungclaus and Mellor 2000; Tsimplis and Bryden 2000; Mariotti et al. 2002; Gómez 2003) 63 
and is responsible for a salinity difference of 2-3 psu between the westernmost Mediterranean 64 
and eastern North Atlantic (Boyer et al. 2009). This salinity difference dominates the density 65 
gradient across the Gibraltar Straits and so influences Mediterranean-Atlantic exchange, 66 
which acts to equalise conditions in the two basins (Bryden et al. 1994; Jungclaus and Mellor 67 
2000). Thus, by affecting local water temperature and salinity properties, regional changes in 68 
Mediterranean climate and circulation contribute towards the strength of Mediterranean-69 
Atlantic exchange (e.g. Bethoux and Gentili 1999; Mariotti et al. 2002).  70 
Interestingly, both model and observational data suggest that due to regional climate 71 
warming and the diversion of fluvial runoff for domestic and agricultural purposes, the 72 
Mediterranean freshwater deficit has increased by over 10 % in the last 40-50 years, affecting 73 
local climate and Mediterranean deep water formation (Bethoux et al. 1999; Mariotti et al. 74 
2002; Skliris and Lascaratos 2004; Xoplaki et al. 2006; Dietrich et al. 2008; Vargas-Yáñez et 75 
al. 2010). This trend is expected to persist, possibly increasing towards the end of the 21st 76 
Century (Somot et al. 2006, 2008; Christensen and Christensen 2007; Gao and Giorgi 2008; 77 
Giorgi and Lionello 2008; Mariotti et al. 2008; Dubois et al. 2011; García-Ruiz et al. 2011; 78 
Sanchez-Gomez et al. 2011), implying that changes in Mediterranean-Atlantic flow strength 79 
are already afoot and may accelerate. 80 
Further to its influence on the climate and thermohaline circulation of the Mediterranean, 81 
flow through the Gibraltar Straits has wider, global significance through its effect on North 82 
Atlantic Ocean circulation. For example, it has long been supposed that Mediterranean 83 
Outflow Water (MOW) contributes towards the pattern and vigour of the Atlantic Meridional 84 
Overturning Circulation (AMOC). The earliest hypotheses (Reid 1978, 1979) suggested that 85 
upon leaving the Gibraltar Straits, a core of MOW takes a direct, northward flow path to the 86 
northernmost North Atlantic and Greenland-Iceland-Norwegian (GIN) Seas, thus providing 87 
relatively saline waters to areas of deep water formation. It was proposed that upon cooling, 88 
the relatively high-salinity, MOW-origin waters contribute towards destabilising the water 89 
column and thus drive local overturning. However, this deep source hypothesis, so termed by 90 
McCartney and Mauritzen (2001), has for the most part been disproved by more recent ocean 91 
model investigations (e.g. Stanev 1992; Mauritzen et al. 2001; New et al. 2001) and 92 
observational data (e.g. McCartney and Mauritzen 2001; Bower et al. 2002a, 2002b). These 93 
newer studies favour a shallow source hypothesis (McCartney and Mauritzen 2001), 94 
suggesting that MOW spreads predominantly westwards to precondition the north-eastward 95 
flowing North Atlantic Current with relatively warm, saline waters. These waters are thus 96 
transported to the northernmost North Atlantic and GIN Seas, providing an indirect, but 97 
nevertheless important, source of warm, saline waters to the high latitude sites of NADW 98 
formation.  99 
It should be noted that although perhaps more famous for his deep source hypothesis, 100 
Reid himself also viewed the westward IORZSDWKDVWKHµPRVWREYLRXV¶ and well documented 101 
route of MOW to the North Atlantic, commenting that subsequent mixing with intermediate 102 
North Atlantic Central Waters supplies relatively warm, high salinity water to the high 103 
latitudes (Reid 1978, 1979). Certainly the global General Circulation Models (GCMs) 104 
hitherto used to investigate MOW generally agree on its mainly westward flow into the North 105 
Atlantic at depth (Rahmstorf 1998; Bigg and Wadley 2001; Chan and Motoi 2003; Rogerson 106 
et al. 2010), broadly emulating the observed spread of relatively warm, saline, 107 
Mediterranean-origin water in modern North Atlantic Central Waters (Boyer et al. 2009).  108 
Thus it would seem that questions over MOW¶Vflow path in the North Atlantic and 109 
transportation to the GIN Seas are largely resolved. Yet, uncertainty remains over the extent 110 
to which MOW is capable of influencing North Atlantic circulation and global climate.  For 111 
example, there is strong model-based (Bigg and Wadley 2001; Rogerson et al. 2010) and 112 
proxy-based (including Rogerson et al. 2006, 2010; Voelker et al. 2006; Penaud et al. 2011) 113 
evidence to suggest that for cold periods in the recent geologic past (50 ka to present), 114 
strengthened Mediterranean-Atlantic exchange (and hence enhanced MOW) provided a 115 
crucial negative feedback to North Atlantic freshening, boosting NADW formation during 116 
intervals of weaker or interrupted Atlantic thermohaline circulation. Penaud et al. (2011) even 117 
propose that MOW could be the trigger for switching between stadial and interstadial AMOC 118 
modes.  119 
Similarly, others have speculated that anthropogenic influences on the Mediterranean are 120 
affecting AMOC strength in the present day and will continue to do so in the coming decades 121 
and centuries. For example, Johnson (1997) proposed that recent and near-future 122 
amplification of the Mediterranean freshwater deficit (e.g. Somot et al. 2006; Dietrich et al. 123 
2008; Mariotti 2010; Vargas-Yáñez et al. 2010) will raise the Mediterranean-Atlantic density 124 
gradient enough to fully deflect the Gulf Stream and thus induce Northern Hemisphere 125 
Glaciation. In an equally speculative claim, Gómez (2003) suggested that future 126 
Mediterranean climatic changes or outright damming of the Gibraltar Straits (as advised by 127 
Johnson 1997) would reduce AMOC strength and stability; a sentiment echoed by Bethoux et 128 
al. (1999) who suggest that without MOW, NADW formation could not be continuous 129 
throughout the year. To test the hypothesis put forward by Johnson (1997), Rahmstorf (1998) 130 
investigated the impact of human-induced changes in Mediterranean salinity on North 131 
Atlantic circulation and climate. Coupling his ocean GCM to a simple atmospheric energy 132 
balance model in this study, Rahmstorf concludes that the enhanced freshwater-deficit, hailed 133 
by Johnson (1997) as the bringer of the next Ice Age, has negligible impact on North Atlantic 134 
circulation and hence negligible impact on climate; the increase in Mediterranean salinity and 135 
MOW flow strength is simply too small and MOW is unable to bring about Northern 136 
Hemisphere Glaciation. 137 
On the other hand, both Rahmstorf (1998) and Chan and Motoi (2003) suggest that MOW 138 
contributes 1-2 Sv of flow to the present day AMOC south of the Gibraltar Straits, although it 139 
has no direct impact on the overall maximum overturning strength. This is also seen in the 140 
ocean modelling study carried out by Kahana (2005). These GCM findings do, to some 141 
extent, support the postulations of Bethoux et al. (1999) and Gómez (2003) and furthermore, 142 
they show a small climatic signal associated with the existence of MOW in the North 143 
Atlantic. For example, Rahmstorf (1998) finds that the presence of MOW enhances the Gulf 144 
Stream, which warms the surface North Atlantic by up to 0.3 °C, whilst Chan and Motoi 145 
(2003) show that removing MOW for a period of several centuries, reduces meridional 146 
overturning in Antarctic Bottom Water formation and cools Southern Ocean air temperatures 147 
by up to 6 °C. 148 
However, beyond blocking Mediterranean-Atlantic exchange (Rahmstorf 1998; Chan and 149 
Motoi 2003), perturbations to modern MOW strength and salinity in global GCM studies 150 
have so far been small (Rahmstorf 1998). So the question remains; how much influence is 151 
MOW actually able to exert over global ocean circulation and climate? To address this, we 152 
performed a series of idealised simulations of extreme changes in Mediterranean-Atlantic 153 
exchange strength and salinity. These were run using a fully-coupled atmosphere-ocean GCM 154 
(HadCM3), which, although no longer considered state-of-the-art, enables the simulations to 155 
be integrated over a period of several centuries. According to the only other published 156 
atmosphere-ocean GCM studies of 02:¶VLPSDFW on global ocean circulation and climate, 157 
this is necessary in order to fully capture the climate signal associated with changes in MOW 158 
(Chan and Motoi 2003) and to enable the model to reach a near steady state (Ivanovic et al. 159 
2013)7KXVDVZHOODVHPXODWLQJWKHVWDQGDUGµRQRII¶*&0H[SHULPHQWSHUIRUPHGE\160 
Rahmstorf (1998) and Chan and Motoi (2003), we were able to test more rigorously the 161 
ability of MOW to impact modern North Atlantic circulation and global climate.  162 
 163 
2. Methods 164 
In this section we briefly describe the global GCM used for this investigation, giving specific 165 
details about how the model simulates Mediterranean-Atlantic exchange. Following this, we 166 
outline the three experiments used to test the impact of (i) the presence, (ii) the strength and 167 
(iii) the salinity of Mediterranean-Atlantic exchange on modelled ocean circulation and 168 
climate. 169 
  170 
2.1. Model Description 171 
For this study, we used version 4.5 of the 8.0HW2IILFH¶VIXlly coupled atmosphere-ocean 172 
GCM HadCM3. The atmosphere model has a horizontal resolution of 2.5° x 3.75°, 19 173 
vertical layers based on a hybrid vertical coordinate scheme (Simmons and Burridge 1981) 174 
and a timestep of 30 minutes. The model includes physical parameterisations for the radiation 175 
scheme (Edwards and Slingo 1996), convection scheme (Gregory et al. 1997) and land 176 
surface scheme (MOSES-1; Cox et al. 1999). The ocean model grid has half the temporal 177 
resolution of the atmosphere model, with a timestep of one hour, but is more finely resolved. 178 
It has a horizontal resolution of 1.25° x 1.25° and 20 vertical levels that are distributed on a 179 
depth based (z) coordinate system, as given by Table 2 in Johns et al. (1997), to give 180 
maximum resolution towards the ocean surface. Level spacing is small (10 m) near the 181 
surface to resolve the mixed layer, but increases with depth, reaching 615 m for levels below 182 
1193 m deep.  183 
7KHRFHDQPRGHO¶Vphysical parameterisations include the eddy-mixing scheme of 184 
Visbeck et al. (1997), the isopycnal diffusion scheme of Gent and Mcwilliams (1990) and a 185 
simple thermodynamic sea ice scheme for ice concentration (Hibler 1979) and ice leads and 186 
drift (Cattle et al. 1995). Gordon et al. (2000) show that the model adequately reproduces 187 
modern sea surface temperatures without the need for XQSK\VLFDOµIOX[DGMXVWPHQWV¶DWWKH188 
ocean-atmosphere interface. The ocean component of HadCM3 has a fixed lid; in other 189 
words, the volume of the ocean grid boxes (and hence sea level) cannot vary. Evaporation, 190 
precipitation and river runoff are therefore represented as a salt flux (Gordon et al. 2000).  191 
Once per model-day, the atmosphere and ocean components pass across the fluxes 192 
accumulated over the previous 24 model-hours. To accommodate the different horizontal 193 
resolutions, the ocean grid is aligned with the atmosphere grid and the data is respectively 194 
averaged and interpolated during the coupling. River discharge is implicitly simulated using 195 
grid-defined river catchments and estuaries, which instantaneously deliver continental runoff 196 
to the coasts. For more details on the model and its constituent components, including 197 
improvements on earlier versions, see Gordon et al. (2000) and Pope et al. (2000). 198 
 199 
2.2. Mediterranean-Atlantic exchange 200 
Due to the restrictions of global GCM grid resolution, it is a challenge to represent shallow, 201 
narrow marine gateways such as the Gibraltar Straits, which is as shallow as 300 m and as 202 
narrow as 14 km (Candela 1991; Gómez 2003). Mediterranean-Atlantic exchange can be (and 203 
in many cases is) simply prescribed as a boundary condition to the North Atlantic ocean, but 204 
this allows for neither a full mechanistic investigation of the dynamical responses and 205 
feedbacks to changes in global or regional climates, nor a thorough examination of the 206 
response to forcings originating in the Mediterranean Sea or North Atlantic Ocean. To do this 207 
in global GCMs, there are two approaches for modelling the exchange. The first is to use an 208 
unrealistically wide and deep open seaway to connect the two basins. This is the approach 209 
adopted by Bigg and Wadley (2001) and Rogerson et al. (2010) to investigate the effect of 210 
changing North Atlantic circulation and water-column characteristics on the intensity of 211 
Mediterranean-Atlantic exchange, and the resulting feedback to North Atlantic salinity, 212 
temperature and circulation patterns.  It is worth noting that in both of these cases, a realistic 213 
rate of exchange (1 Sv) is achieved, despite the oversized seaway. 214 
The second approach is to have a land bridge connecting North Africa (Morocco) with 215 
Southern Spain in the model and use a physical parameterisation of the net flows, which we 216 
will refer to as a pipe. This parameterisation mixes thermal and haline properties across the 217 
Gibraltar Straits and in this way emulates the exchange that is achieved with open flow 218 
through the narrow, shallow Straits in reality. For example, in their studies of the impact of 219 
changing Mediterranean-Atlantic exchange properties on Atlantic circulation and global 220 
climate, Rahmstorf (1998) and Chan and Motoi (2003) replace water column temperature and 221 
salinity properties in the upper 600 m of the two grid boxes situated either side of their 222 
Morocco-Spain land bridge with the mean values for the pair at every time-step, resulting in 223 
complete mixing across the Straits. 224 
 HadCM3 employs a version of the latter of these two methods, using a pipe to exchange 225 
water across the land bridge connecting Morocco and Spain. The parameterisation, described 226 
in more detail below, achieves partial mixing across the Straits according to a coefficient of 227 
PL[LQJȝDVZHOODVthe comparative characteristics of the Alboran Sea (in the westernmost 228 
Mediterranean) and the Gulf of Cadiz (in the North Atlantic), which is more realistic than 229 
total mixing. This mixing takes place between the temperature and salinity tracer fields across 230 
two pairs of grid boxes situated immediately adjacent to the land bridge; one pair in the 231 
Alboran Sea and one pair in the Mediterranean. The depth of the pipe is constrained by the 232 
minimum bathymetry of any one of these boxes, which is ~ 1 km, 13 vertical levels. For 233 
every level and at every timestep, the mean of the four points is calculated for each tracer 234 
field (T ). Then, where (Tj) is the tracer for each of the four grid boxes, the difference 235 
between the old (previous timestep) and the new (current timestep) tracer is given as: 236 
)Tjȝ7t
jT
pipe
 w
w
     237 
(Gordon et al. 2000), where 
pipe
t
jT
w
w
is the tracer tendency for the pipe parameterisation. 238 
Thus, the model exchanges temperature and salinity properties based on the temperature and 239 
salinity gradients existing at every ocean level and at every timestep of the model run. The 240 
FRQVWDQWȝ (set at 9.6e-5) defines the coefficient of mixing; that is, the proportion of each grid-241 
box that will be mixed, thus representing the control of Straits geometry on the exchange. 242 
There is no advection of water through the pipe. However, the parameterised exchange in 243 
temperature and salinity leads to flow in and out of boxes on either side of the pipe. The 244 
water and salinity fluxes in and out of the Mediterranean Sea presented in this study were 245 
calculated in the westernmost grid boxes of the Straits, immediately adjacent to the Morocco-246 
Spain land bridge. The mixing constant ȝhas been set to achieve 1 Sv of transport between 247 
the Mediterranean and Atlantic in each direction, which is close to observational values 248 
(>0.74 ±0.05 Sv; García-Lafuente et al. 2011). Although the geometry of the pipe remains 249 
FRQVWUDLQHGE\WKHRFHDQPRGHO¶VUHVROXWion, a more realistic rate of flow can be achieved 250 
than by having a similarly size-constrained open seaway (as in Ivanovic et al. 2013). 251 
Therefore, we chose to use this pipe set up in the experiments presented here. 252 
Even though the modern Gibraltar Straits is only 300 m deep, MOW is observed to 253 
rapidly descend the continental slope and settle at around 1000 m by 8.75° W in the modern 254 
ocean, from where it spreads westwards into the North Atlantic (e.g. Baringer and Price 255 
1999; Serra et al. 2005; Dietrich et al. 2008; Boyer et al. 2009). Because of the width of the 256 
Morocco-Spain land bridge in HadCM3, which is constrained by horizontal grid resolution, 257 
this makes 1000 m an appropriate depth for the pipe configuration, enabling the model to 258 
VLPXODWHWKHODUJHVFDOHIHDWXUHVRI02:¶VIORZSDWKLQWKH1RUWK$WODQWLF The resulting 259 
eastward surface flow of North Atlantic Central Water into the Mediterranean and a deeper 260 
westward flow of Mediterranean Outflow Water (MOW) into the Atlantic matches the 261 
observed two-layer flow structure for flow through the Gibraltar Straits. The interface, 262 
GHILQHGDVWKHµGHSWKRIPD[LPXPYHUWLFDOVKHDU¶(Tsimplis and Bryden 2000), lies roughly 263 
halfway between the surface and sill depth; at around 500 m in HadCM3, where the sill depth 264 
is 1000 m (this study), and around 150 m in observations for a sill depth of 300 m (Bethoux 265 
and Gentili 1999; Tsimplis and Bryden 2000; Gómez 2003; Boyer et al. 2009).  266 
HadCM3 is not spatially fine-scaled enough to accurately resolve MOW eddies (meddies) 267 
or its two-core flow structure observed for the narrow eastern boundary current (e.g. 268 
Jungclaus and Mellor 2000; Johnson et al. 2002; Papadakis et al. 2003; Serra et al. 2005). The 269 
model therefore probably underestimates shallow-intermediate level mixing of MOW and 270 
Atlantic water in the eastern Atlantic. For example, results presented by Ivanovic et al. (2013) 271 
suggest that increased mixing of Mediterranean and Atlantic water in the Gibraltar Strait-Gulf 272 
of Cadiz region does slightly improve the HadCM3 representation of the MOW plume in the 273 
modern North Atlantic. Similarly, our study is limited by its use of a depth based vertical 274 
coordinate system (Johns et al. 1997), which incompletely resolves the dense overflow of 275 
MOW from the Gibraltar Straits sill. As a result, the model has a tendency to overestimate the 276 
mixing of MOW with surrounding water, simulating North Atlantic entrainment, as it 277 
GHVFHQGVWKHFRQWLQHQWDOVKHOI7KHVHWZROLPLWDWLRQVPD\DIIHFWWKHPRGHO¶VVHQVLWLYLW\WR278 
changes in MOW density, perhaps under-projecting any buoyancy anomalies; a caveat that 279 
should be considered when interpreting the results of any such change. However, these 280 
effects also partly counteract each other. Thus overall, WKHPRGHO¶VDELOLW\WRVLPXODWHWKH281 
large-scale features of MOW in the North Atlantic (e.g. as seen in Boyer et al. 2009) makes 282 
the standard pipe set-up in HadCM3 an appropriate control configuration for this 283 
investigation.  284 
Due to the Mediterranean¶V net annual evaporation from the basin (e.g. Bethoux and 285 
Gentili 1999; Mariotti et al. 2002), there is a net transport from the Atlantic to the 286 
Mediterranean. To conserve salinity in a steady state Mediterranean there is no net export of 287 
salt through the Gibraltar Straits. In our fixed-lid model, however, net evaporation from the 288 
Mediterranean Sea is represented as a salt flux rather than a true freshwater flux; there is no 289 
net water flux across the Gibraltar Strait, but there is a net salt flux across it. This export of 290 
salt from the Mediterranean has the same significance as the outflow salinity transport 291 
defined by Bryden et al. (1994) as the outflow transport of MOW multiplied by the salinity 292 
excess carried by the MOW over the incoming Atlantic water. The pipe parameterisation in 293 
our model only allows a mean salt export of around 0.6 psu Sv, less than half of the outflow 294 
salinity transport of ~ 1.5 psu Sv (Bryden et al. 1994). Moreover, this salinity flux is 295 
FRQWUROOHGE\WKHSDUDPHWHUȝDQGLQWKHcontrol simulation, the pipe does not conserve salt in 296 
the Mediterranean Sea, which has a drift of 9.0 x 10-4 psu yr-1. This drift is equivalent to 297 
observations of increased Mediterranean salinity by 8.0-9.2 x 10-4 psu yr-1 over the past 50 298 
years (e.g. Dietrich et al. 2008; Vargas-Yáñez et al. 2010); a rate that is projected to nearly 299 
triple by 2100 (Somot et al. 2006). 300 
02:¶VLQIOXHQFHRQWKH+DG&01RUWK$WODQWLFZHUHLGHQWLILHGE\FRPSaring our 301 
control climate to a simulation which has no Mediterranean-Atlantic exchange; see section 302 
2.3, experiment (a). Consequently, we can see that in both the control simulation (Fig. 1) and 303 
modern observations (e.g. Boyer et al. 2009), MOW constitutes a distinct plume of relatively 304 
warm (up to +6 °C) and highly saline (up to +1.8 psu) water protruding into North Atlantic 305 
Central Waters, where it spreads predominantly westwards and mixes with surrounding 306 
intermediate waters. In the modern North Atlantic, the MOW plume is centred at 1000-1200 307 
m below the ocean surface (Boyer et al. 2009), whereas in HadCM3, the plume lies a little 308 
deeper at 1200-1500 m (Fig. 1). Opening the Gibraltar Straits seaway in the model, rather 309 
than using a pipe, does cause a shoaling of the MOW plume by a few hundred meters with 310 
respect to the HadCM3 control. It also produces an increase in salt export that more closely 311 
matches (though overshoots) observational values. However, the resulting Mediterranean-312 
Atlantic exchange is over three-times too strong compared to observational data, reorganizing 313 
shallow-intermediate water circulation in the North Atlantic with significant regional climate 314 
repercussions (up to +11 °C and ± 7.5 °C) (Ivanovic et al. 2013). Thus, even though the 315 
MOW plume in the HadCM3 control is around 200 m too deep and 0.9 psu too fresh, this set 316 
up still reaches the best compromise to date for achieving a realistic strength of exchange. 317 
Ivanovic et al. (2013) discuss this in more detail and propose ways in which the disparity 318 
between MOW plume depth, flow strength and salt export could be overcome in the future. 319 
 320 
2.3. Experiment design 321 
To test the sensitivity of modern climate to the presence, strength and salinity of 322 
Mediterranean-Atlantic water exchange, we performed three HadCM3 experiments. The 323 
simulations represent extremes compared to modern Mediterranean conditions, but are well 324 
within the geologic constraints of events such as the Messinian Salinity Crisis (5.96-5.33 325 
Ma), eustatic sea level changes and Mediterranean sapropel formation (e.g. Clauzon et al. 326 
1996; Fleming et al. 1998; Béthoux and Pierre 1999; Milne et al. 2005; Flecker and Ellam 327 
2006; Marino et al. 2007; Roveri et al. 2008; Rohling et al. 2008; Govers et al. 2009; de 328 
Lange and Krijgsman 2010; Osborne et al. 2010). These are idealised experiments, and 329 
although they are not set-up to be specifically realistic in a geologic, modern, or future 330 
context, they directly test extreme cases of Mediterranean variability. Thus, these 331 
experiments provide DUREXVWSODWIRUPIURPZKLFKWRLQWHUSUHWIXUWKHUµUHDOLVWLF¶VLPXODWLRQV332 
of changes to Mediterranean-Atlantic exchange and the Mediterranean hydrological balance: 333 
(a) The first experiment is a pair of simulations designed to examine how the presence of 334 
Mediterranean-Atlantic exchange affects North Atlantic circulation and climate in 335 
HadCM3. It consists of no-exch, in which we have turned off the HadCM3 336 
Mediterranean-Atlantic pipe so that there is no exchange between the two basins, and 337 
the control.  338 
(b) In the HadCM3 pipe parameterisation, ȝLVDPHDVXUHRIWKHUHVWULFWLRQRIIORZ339 
between the Mediterranean and Atlantic. As such, it is a crude representation of (i) the 340 
geometry of the Gibraltar Straits and (ii) the complex flow of water over the Gibraltar 341 
Straits sills, including local meddies. Thus, the second experiment is designed to 342 
examine climate-ocean sensitivity to changes in the restriction and mixing of the 343 
H[FKDQJH,QWKHµUHDOZRUOG¶WKLVFRXOGEHEURXJKWDERXWE\ULVLQJIDOOLQJVHDOHYHOV344 
tectonic adjustment of the Straits, or changes in Mediterranean circulation. The 345 
experiment comprises five simulations, each with different strengths (or restrictions) 346 
of exchange for a given temperature and salinity gradient across the Gibraltar Straits: 347 
quart-exch, half-exch, control, doub-exch and quad-exch, which have exchange 348 
coeffiFLHQWVWKDWDUHHTXDOWRȝcȝcȝc, 2ȝc and 4ȝc, respectively, where ȝc is 349 
the standard (control) coefficient of mixing for the temperature/salinity gradient 350 
driven Mediterranean-Atlantic exchange.  351 
(c) The experiment is made up of three simulations: fresh-Med, control and salt-Med. For 352 
fresh-Med and salt-Med, we have forced the entire Mediterranean basin, but nowhere 353 
else, to have a constant salinity of 19 psu (approximately half the control salinity) and 354 
76 psu (approximately double the control salinity) respectively, at every timestep for 355 
the duration of the model run. This means that salt is not conserved and the 356 
VLPXODWLRQVGRQRWGLUHFWO\UHSUHVHQWµUHDOZRUOG¶VFHQDULRV+RZHYHULQWKLV357 
experiment, the volume integral for the global ocean changes by only ~ 0.1 psu over 358 
500 years. Thus, the changes are small (0.2-0.4 %) and so do not present a problematic 359 
salt source/sink for understanding the physical mechanisms at work in these idealised 360 
simulations.  361 
For all three experiments we have made no alterations to the control, using the standard 362 
HadCM3 modern set-up described above, and have also included three conservative ocean 363 
tracers with an arbitrary volume-density of 1 m-3 to the Mediterranean basin at the very start 364 
of the run: 365 
(i) Tracer 1 is the shallow water tracer and was applied to the upper 150 m of the water 366 
column.  367 
(ii) Tracer 2 is the intermediate water tracer and was applied to water between 150 m and 368 
500 m deep. 369 
(iii) Tracer 3 is the deep water tracer and was applied to depths below 500 m. 370 
Thus, as the tracer-spiked water exchanges with the Atlantic, we are able to directly track the 371 
pathways of MOW and monitor the slow spread and mixing of Mediterranean water in the 372 
global ocean through time. 373 
All simulations were run for 500 years using a pre-industrial climate and modern 374 
continental configuration. They were initialised using dump files from the HadCM3 public 375 
release spin-up simulation, published by Gordon et al. (2000). For all simulations, near steady 376 
state was reached within the first 400 years of model run, and the climate means shown in 377 
this study were calculated from the remaining 100 years. 378 
 379 
3. Results and Discussion 380 
In the following discussion, we present the results of our investigation into modern ocean and 381 
climate sensitivity to changes in the presence, strength and salinity of Mediterranean Atlantic 382 
exchange. The discourse is divided into three subsections, one for each experiment outlined 383 
in section 2.3., and in that order. 384 
 385 
3.1. Presence of Mediterranean-Atlantic exchange 386 
The climate differences discussed in this section are given as the climate anomalies achieved 387 
in control with respect to no-exch; that is, the effect of having Mediterranean-Atlantic 388 
exchange (and hence MOW) in HadCM3 versus no exchange (and no MOW).  389 
In control, MOW spreads westward from the Gibraltar Straits (35° N), between depths of 390 
600 m and 2500 m, reduces net southward flow of NADW at 800-2000 m depth and weakens 391 
the AMOC north of the Gibraltar Straits (35° N) by up to 2 Sv (11.1 %, Fig. 2a). 392 
Interestingly, this result counters speculation by Reid (1979), Bethoux et al. (1999) and 393 
Gómez (2003) that without MOW, modern NADW formation (and hence the AMOC) would 394 
be weaker. In fact, South of the Gibraltar Straits (35° N), the AMOC is strengthened by up to 395 
1 Sv (16.7 %; Fig. 2a). This strengthening is in good agreement with the conclusions of 396 
Rahmstorf (1998) and Chan and Motoi (2003), whose GCM results suggest that the presence 397 
of MOW in the North Atlantic increases the deeper, southward-bound AMOC component by 398 
1-2 Sv. In our model, this reorganisation of the AMOC is due to a change in the North-South 399 
density gradient along the Atlantic; the presence of MOW reduces the density gradient 400 
between the sites of NADW formation and the Gibraltar Straits and increases the density 401 
gradient between the Gibraltar Straits and the South Atlantic (Fig. 2b). This is why AMOC is 402 
reduced north of the Straits and increased south of it.  403 
Furthermore, computing the AMOC-associated freshwater transport at the southern 404 
boundary of the Atlantic (Fov), as done by Hawkins et al. (2011), we find that the increased 405 
export of relatively salty water from MOW to the Southern Ocean in control enhances net 406 
freshwater import by 0.03 Sv (an increase of 11 %), compared to no-exch. Others (incl. 407 
Rahmstorf 1996; Dijkstra 2007; Huisman et al. 2010; Hawkins et al. 2011) have suggested 408 
that such net freshwater import (positive Fov) to the North Atlantic negatively feeds-back to 409 
AMOC strength and promotes a mono-stable AMOC regime, whereas net freshwater export 410 
to the Southern Ocean (negative Fov) promotes bistability in the AMOC. For example, in the 411 
case of positive Fov, a decrease in AMOC strength would result in the accumulation of salt in 412 
the North Atlantic, promoting deep mixing, increasing AMOC strength and thereby 413 
stabilising NADW formation. Conversely, for a system with negative Fov, AMOC weakening 414 
leads to freshening in the North Atlantic, further reducing NADW formation and AMOC 415 
strength, pushing it towards a weak (RUHYHQDQµRII¶) mode of circulation. Thus it follows 416 
that an increase in net freshwater import to the North Atlantic achieved with the presence of 417 
Mediterranean-Atlantic exchange in HadCM3 acts to further stabilise the current mode of 418 
AMOC, corroborating similar findings by Bigg and Wadley (2001) and Artale et al. (2002). 419 
However, the respective 1-2 Sv weakening and strengthening of different AMOC 420 
components that is caused by the presence of MOW in the North Atlantic (Fig. 2), has 421 
negligible impact on HadCM3 climate. This is consistent with the findings of Rahmstorf 422 
(1998), but contrary to those of Chan and Motoi (2003), who propose that MOW strengthens 423 
Antarctic Bottom Water formation, warming Southern Ocean air temperatures by up to 6 °C. 424 
We suggest that our results are an inevitable product of the strong, stable, modern AMOC, 425 
which at 26.5° N has an overturning strength of 18 ±2 Sv in HadCM3 (this study) and 18.7 426 
±5.6 Sv in recent observations (Cunningham et al. 2007), but only 10 Sv (approx.) in the 427 
control simulation performed by Chan and Motoi (2003). Perhaps the role of Mediterranean-428 
Atlantic exchange is more important for periods of weaker NADW formation or a bi-stable 429 
ocean (Broecker et al. 1990; Cacho et al. 2000; Bigg and Wadley 2001; Artale et al. 2002; 430 
Voelker et al. 2006; Rogerson et al. 2010; Penaud et al. 2011), but it is assuredly clear that 431 
modern HadCM3 climates are insensitive to the presence of Mediterranean-Atlantic 432 
exchange, despite the MOW-induced saline and thermal anomalies produced in intermediate 433 
to deep North Atlantic waters. 434 
 435 
3.2. Strength of Mediterranean-Atlantic exchange 436 
The exchange of water through the Gibraltar Straits governs the temperature and salinity 437 
characteristics of the Mediterranean Sea and, to a lesser extent, the North Atlantic Ocean. 438 
These in turn control the temperature/salinity gradients across the Straits, as well as affecting 439 
large-scale ocean circulation in the two basins, negatively feeding back to regulate the initial 440 
change (Candela 1991; Bethoux and Gentili 1999; Mariotti et al. 2002; Rogerson et al. 2011; 441 
Sanchez-Gomez et al. 2011). Thus, the effect of changing the coefficient of Mediterranean-442 
Atlantic exchange in HadCM3 is not straightforward. As explained in section 2.2, although 443 
there is no advection of water through the pipe, the exchange in temperature and salinity 444 
induces flow in and out of boxes on either side of the pipe. What we call the flux of water 445 
transported through the Gibraltar Straits, is the flux calculated in the westernmost grid boxes 446 
of the Straits, immediately adjacent to the Morocco-Spain land bridge.  447 
For the simulations with a lower coefficient of exchange than the control (quart-exch and 448 
half-exch), the flux of water transported through the Gibraltar Straits is initially 0.3 Sv, 449 
compared to 1 Sv in control. Because of this reduced mixing between the Mediterranean and 450 
the Atlantic, the Alboran Sea in the Mediterranean becomes accumulatively saltier (on 451 
average, +1.85 psu for half-exch and +2.40 psu for quart-exch by the end of the run), whilst 452 
the Gulf of Cadiz in the North Atlantic becomes accumulatively fresher (on average, -0.05 453 
psu for half-exch and -0.15 psu for quart-exch by the end of the run). The resulting increase 454 
in temperature/salinity gradients across the Straits then counteracts the reduced mixing 455 
coefficients used in quart-exch and half-exch, elevating Mediterranean-Atlantic exchange 456 
from its initial state. Thus, as the temperature/salinity gradients become steeper through the 457 
run, so the flow across the Gibraltar Straits increases back towards the control state (Fig. 3) 458 
and vice versa for an increased coefficient of mixing. TKLVµUHOD[DWLRQ¶WRZDUGVDQ459 
equilibrium state is not unique to the four perturbed mixing coefficient simulations. We also 460 
observe similar behaviour in control (Fig. 3), reaching a steady state exchange of 1 Sv after 461 
approximately 100 years of model run. For quart-exch, the transport flux reaches a steady 462 
state centred at 0.65 Sv after around 200 years of model run (Fig. 3) and half-exch recovers to 463 
a steady state flow of around 0.8 Sv in about half that time (~ 100 years). This negative 464 
feedback to flow strength indicates the strong influence of temperature/salinity gradients 465 
across the Straits in governing the intensity of exchange and an element of insensitivity to 466 
changes in the coefficient of mixing. Notably, the 0.8 Sv of exchange reached by half-exch 467 
after 100 years of model run, more closely matches observations of ~ 0.74 ±0.05 Sv (e.g. 468 
García-Lafuente et al. 2011) than the 1 Sv achieved by control. However, the Mediterranean 469 
salt export of 0.15 psu Sv for half-exch is much less realistic than the already relatively low 470 
levels of export in control; 0.6 Sv compared to the observed ~ 1.5 psu Sv (Bryden et al. 471 
1994).  472 
 The immediate effect of increasing the coefficients of exchange in doub-exch and quad-473 
exch is to increase the transport of water across the Gibraltar Straits by up to around 0.6 Sv 474 
for doub-exch and by up to around 2.4 Sv for quad-exch, with respect to the 1 Sv of flow 475 
achieved with the control (Fig. 3). However, by the same feedback-processes that reduced the 476 
effect of decreasing the coefficient of exchange, this initial strengthening progressively 477 
reduces towards control values. Still, by the end of the run, the Alboran Sea in the Western 478 
Mediterranean has, on average, freshened by 2.30 psu in doub-exch and by 3.75 psu in quad-479 
exch, due to enhanced Atlantic inflow. Similarly, due to greater Mediterranean outflow to the 480 
Atlantic, average ocean salinity in the vicinity of the Gulf of Cadiz has increased by 0.05 psu 481 
in both doub-exch and quad-exch. As a result, Mediterranean-Atlantic exchange in doub-exch 482 
and quad-exch generally remains higher than control (Fig. 3). After approximately 150 years 483 
of model run, doub-exch reaches a steady state Mediterranean-Atlantic exchange of 1.3 Sv. 484 
Quad-exch, on the other hand, takes almost 200 years to settle with a flow of 1.6 Sv across 485 
the Gibraltar Straits (Fig. 3). Although the enhanced Mediterranean-Atlantic exchanges in 486 
doub-exch and quad-exch settle at almost twice the strength of observed values, the levels of 487 
salt export to the Atlantic (0.9 psu Sv in doub-exh and 1.0 psu Sv in quad-exch) are more 488 
realistic than the 0.6 psu Sv exported in control. 489 
 However, in HadCM3, these changes in flow strength (and salt export) through the 490 
Gibraltar Straits have negligible impact on Atlantic circulation and climate, although they do 491 
influence AMOC stability. With respect to there being no exchange between the 492 
Mediterranean and the Atlantic (no-exch), Fov increases by 0.01 Sv (3.7 %) for quart-exch, 493 
and thereafter increases in increments of 0.01 Sv per doubling of the mixing coefficient for 494 
half-exch, control, doub-exch and quad-exch. Thus, for quad-exch, Fov is 0.05 Sv (18.5 %) 495 
greater than for no-exch, and 0.02 Sv (6.7 %) greater than for control. This further supports 496 
the proposition that Mediterranean-Atlantic exchange acts to stabilise the current AMOC 497 
mode, as discussed in section 3.1., and shows that even a quadrupling of the coefficient of 498 
exchange across the Gibraltar Straits is insufficient to increase the sensitivity of HadCM3 499 
climate to the presence of Mediterranean-Atlantic exchange.   500 
Nevertheless, we do not rule out the possibility that Atlantic circulation and climate are 501 
affected by changes in Mediterranean-Atlantic exchange intensity. Mediterranean Outflow 502 
Water (MOW) in quart-exch, half-exch, doub-exch and quad-exch remains centred at 1200-503 
1500 m, as it does in the control, and so the perturbations in exchange intensity only impact 504 
deeper Atlantic waters. The very presence of MOW at these deeper layers is enough to 505 
enhance Fov, suggesting that it acts to stabilise AMOC, but nothing more. We therefore 506 
consider that in HadCM3, MOW is some 200-300 m deeper than the plume observed in the 507 
modern Atlantic Ocean (Boyer et al. 2009). Should MOW shoal, then changes in 508 
Mediterranean-Atlantic flow strength would influence shallower, intermediate North Atlantic 509 
currents, and so could significantly impact high northern latitude climates (Ivanovic et al. 510 
2013). As the salinity of the Mediterranean directly affects the salinity and hence buoyancy 511 
of MOW in the Atlantic (e.g. Bethoux and Gentili 1999; Mariotti et al. 2002; Rogerson et al. 512 
2011), we propose that changing Mediterranean salinity has a greater impact on Atlantic 513 
circulation and global climate than changing the coefficient of mixing across the Gibraltar 514 
Straits. Thus, in the following section we investigate the impact of having a fresher (fresh-515 
Med) and a saltier (salt-Med) Mediterranean in HadCM3. 516 
 517 
3.3. Mediterranean salinity 518 
As discussed in section 2.2., and as illustrated by the damped effect of changes in mixing 519 
coefficients across the Gibraltar Straits (section 3.2.), the temperature/salinity gradients 520 
between the westernmost Alboran Sea and easternmost Gulf of Cadiz is the primary control 521 
for Mediterranean-Atlantic flow-strength in HadCM3. Therefore, it is unsurprising that 522 
halving (fresh-Med) and doubling (salt-Med) Mediterranean salinity has a dramatic impact on 523 
flow strength across the Gibraltar Straits in the pipe. In fresh-Med, there is a three-fold 524 
strengthening of Mediterranean-Atlantic exchange, settling at 3.0 Sv of flow in both 525 
directions (almost double that achieved by quad-exch, Fig. 3), and the effect is even stronger 526 
in salt-Med, reaching 5.3 Sv at the end of the run (over three-times that achieved by quad-527 
exch). Also, unlike quart-exch, half-exch, doub-exch and quad-exch, there is barely any 528 
relaxation of flow strength in the centuries following the initial ramp-up. This is because 529 
Mediterranean salinity is held constant throughout the simulations, which impedes the 530 
negative feedback of enhanced mixing reducing the temperature/salinity gradients.  531 
The forced increase in Mediterranean salinity to 76 psu in salt-Med enforces the two-layer 532 
Mediterranean-Atlantic exchange structure already in place for control, whereas the 533 
freshening to 19 psu in fresh-Med completely reverses this structure. As a result salt-Med and 534 
fresh-Med have different effects on North Atlantic Ocean circulation, and so will be 535 
discussed separately below. 536 
 537 
3.3.1. Halving Mediterranean salinity 538 
In the modern ocean, western Mediterranean salinity is on average ~ 38 psu. For fresh-Med, 539 
we forced Mediterranean salinity to be a constant 19 psu across the whole basin and for the 540 
duration of the run. This reverses the salinity gradient across the Gibraltar Straits, causing net 541 
salt import to the Mediterranean of 3.35 psu Sv, compared to net export of 0.6 psu Sv in 542 
control. The Atlantic is now 17 psu saltier, and hence denser, than the Mediterranean, which 543 
forces Atlantic water to contribute the lower ~ 500 m of flow between the two basins, with 544 
MOW occupying the upper ~ 500 m of exchange in the pipe. This shoals the MOW plume to 545 
the surface of the North Atlantic and as a result, it takes a different flow-path (Fig. 4). Thus, 546 
in fresh-Med, MOW is routed QRUWKZDUGDORQJWKH$WODQWLF¶VHDVWHUQ boundary, bypassing the 547 
North Atlantic subtropical gyre to contribute directly to the more northerly, adjacent subpolar 548 
gyre. Consequently, the subpolar gyre is both widened, stretching a further 10° S and 10° E in 549 
the North Atlantic, and strengthened, by up to 4 Sv, compared to control. This increases the 550 
provision of relatively warm, shallow, more southerly sourced waters to the Greenland-551 
Iceland-Norwegian (GIN) Seas, raising their sea surface temperatures by up to 2.5 °C (Fig. 552 
5). Combined with subsequent heat-release to the overlying atmosphere, this causes a decline 553 
in sea ice coverage over these high latitude sites, reducing surface albedo and amplifying the 554 
initial warming. With respect to control, annual mean surface air temperatures over the GIN 555 
Seas have warmed by up to 1.8 °C (Fig. 6b) by the end of the run and annual mean sea ice 556 
concentration has declined by up to 10 %; up to +2.7 °C and -15 % respectively in the boreal 557 
winter and spring, when the GIN Seas temperature and sea ice anomalies are greatest.  558 
Moving focus to the North West Atlantic, the stronger, wider subpolar gyre promotes 559 
exchange between the Labrador Sea and the North Atlantic. As a result, there is an increase in 560 
flow of relatively cool and fresh, high latitude waters (from the GIN Seas) counter-clockwise 561 
into the Labrador Sea, cooling the overlying atmosphere of the southern Labrador Sea (Fig. 562 
6b). This enhanced circulation also boosts the south-easterly expulsion of relatively cool and 563 
fresh water from the Labrador Sea, exaggerating the cold-tongue protruding into the North 564 
Atlantic, centred at a depth of 40-100 m (Fig. 7). Furthermore, the south-eastward extension 565 
of the subpolar gyre limits northward flow of relatively warm, low latitude water to the 566 
central North Atlantic 40-50° N. This, combined with the increased injection of colder water 567 
from high latitudes (the GIN and Labrador Seas) cools the North Atlantic water column by up 568 
to 4.5 °C (Fig. 7), with respect to control. The effect is greatest where these processes 569 
coalesce, centred around 45° N and 39° W (Figures 6b and 7), and as a result, the overlying 570 
atmosphere cools by up to 2.5 °C (annual mean), leading to a very localised increase in 571 
annual mean precipitation-evaporation of up to 76 %, which is equivalent to wetting of up to 572 
1 mm day-1. 573 
In the northernmost North Atlantic, vertical density-stratification in the upper 650 m is 574 
increased by the compounded effect of mixing with the relatively fresh MOW and the 575 
boosted southward contribution of relatively fresh, shallow to intermediate water from the 576 
GIN Seas. In both fresh-Med and control, the core of the AMOC lies at around 800 m depth. 577 
Consequently, diminished vertical mixing in the upper 650 m of the water column reduces 578 
NADW formation and weakens the AMOC by up to 4 Sv (Fig. 8b). As a result, Fov in fresh-579 
Med decreases by 0.1 Sv (33 %), compared to control. Now at only 0.2 Sv, this reduced 580 
freshwater import suggests that not only is AMOC weaker, but that it is closer to reaching a 581 
point of bistability (e.g. Hawkins et al. 2011). Also, compared to control, the reduced fresh-582 
Med AMOC transfers less heat polewards from the equator, which further enhances cooling 583 
in the shallow to intermediate North Atlantic water column. 584 
Returning to the immediate vicinity of the Gibraltar Straits, freshening the Mediterranean 585 
to 19 psu reduces North Atlantic salinity throughout the water column (Fig. 9a). This is by 586 
the dual effect of (i) having a fresher, shallow MOW that decreases salinity in the upper 587 
North Atlantic and (ii) removing the deeper, relatively saline MOW plume that is present in 588 
control. As a result, vertical stratification increases (Fig. 9c) and vertical mixing is reduced. 589 
Furthermore, because Mediterranean salinity is held constant (at 19 psu), the Mediterranean 590 
basin also becomes highly stratified, with almost no vertical mixing taking place. This 591 
restricts warmer surface waters to the upper 15 m, causing the deeper Mediterranean to cool 592 
by up to 6 °C. As MOW is predominantly formed from deep Mediterranean water both in the 593 
model (Fig. 4) and the modern ocean (Cacho et al. 2000; Gómez 2003; Voelker et al. 2006), 594 
this cools the MOW plume in fresh-Med with respect to control. Thus, in the easternmost 595 
North Atlantic, a shoaled, relatively cold MOW plume replaces the deeper, relatively warm 596 
plume in control, cooling and freshening the entire water column, and increasing vertical 597 
stratification (Fig. 9). This cools the overlying atmosphere by up to 4 °C (Fig. 6b), following 598 
the south-westerly track of the shallow, relatively fresh, cool MOW plume (Fig. 4b). 599 
 600 
3.3.2. Doubling Mediterranean salinity 601 
For salt-Med, we forced Mediterranean salinity to be approximately double (76 psu) the 602 
modern average, for the duration of the run. This substantially increased the 603 
temperature/salinity gradients across the Gibraltar Straits (similar to fresh-Med, but opposite 604 
in direction) and so enhanced Mediterranean-Atlantic exchange by 4.3 Sv at the end of the 605 
run, with respect to control. As a result, there is a fifteen-fold increase in Mediterranean salt 606 
export to the North Atlantic in salt-Med compared to control, settling around 8.9 psu Sv by 607 
the end of the run and raising Atlantic salinity in the intermediate and deep layers. Despite 608 
the opposite change from control in salt-Med compared to fresh-Med, and their opposite 609 
effects on flow through the Gibraltar Straits and North Atlantic salinity, the trends in climate 610 
anomalies achieved in both simulations are notably similar, especially in the GIN Seas region 611 
(Fig. 6). However, any similarities in climate signal are misleading; the salt-Med climate 612 
anomalies are brought about through different mechanisms than the fresh-Med anomalies are. 613 
 Due to enhanced Mediterranean-Atlantic exchange, the stronger, denser, MOW plume 614 
spreads further and deeper in the North Atlantic and there is a stronger, shallow flow of water 615 
across the Atlantic into the Mediterranean. This boosts both the southward spread of deep, 616 
saline waters in the North Atlantic (Fig. 10) and the northward draw of shallow, tropical 617 
waters. As a result, the AMOC is strengthened by up to 3 Sv south of the MOW injection 618 
(35° N, Fig. 8c) and Fov by 0.2 Sv (66 %), suggesting an enhancement of the stability of the 619 
AMOC. The increased export of relatively dense water to the Southern Ocean also promotes 620 
Antarctic Bottom Water Formation, which strengthens by up to 5 Sv (Fig. 8c). Unlike for 621 
Chan and Motoi (2003), this does not impact Southern Hemisphere sea surface temperatures 622 
or atmospheric climate, but given the depth at which Antarctic Bottom Water formation 623 
occurs (below 2500 m in HadCM3), this is not surprising.  624 
Another effect of the increased exchange is to enhance the northward spread of relatively 625 
warm, saline Mediterranean-origin waters, from around 1000 m deep and below (Fig. 11). 626 
This reduces AMOC circulation North of the Gibraltar Straits (35° N) and, combined with the 627 
decrease in poleward transport of shallow waters (induced by the strong eastward draw of 628 
water into the Mediterranean, which weakens the Gulf Stream and North Atlantic Drift), 629 
reduces NADW formation by up to 4 Sv (Fig. 8c). Furthermore, where this relatively warm, 630 
salty water upwells at around 47° N 46° W, annual mean ocean temperatures and salinities 631 
increase throughout the overlying water column (Fig. 12a), reducing density gradients in the 632 
intermediate layers and warming the upper 200 m by up to 5.3 °C. The subsequent increase in 633 
heat release warms the overlying atmosphere by up to 1.1 °C (annual mean, Fig. 6c), with 634 
respect to control. In the north-easternmost North Atlantic, intermediate to deep MOW-635 
warmed waters rise over the Greenland-Scotland Ridge to flow into the interior of the GIN 636 
Seas, increasing shallow water salinity and vertical mixing, and warming the upper 400 m by 637 
up to 2.5 °C by the end of the run (Fig. 12b). This reduces sea ice formation in the region, 638 
and increases heat exchange with the atmosphere. Additionally, the local decrease in sea ice 639 
cover reduces surface albedo, positively feeding back to the initial surface warming to 640 
amplify the effect. As a result, salt-Med reaches a steady state annual mean loss in sea cover 641 
of up to 30 % and surface air warming of up to 5.1 °C (Fig. 6c). These anomalies are 642 
heightened in the boreal winter and spring, reaching up to -50 % and +10.0 °C respectively. 643 
 It is important to point out that particularly in salt-Med, the depth coordinate scheme 644 
employed by HadCM3 could result in a rather more diffuse spread of the highly saline MOW 645 
than is physically realistic (e.g. Griffies et al. 2000). In this case, the modelled MOW plume 646 
may be more interactive with Atlantic Intermediate and Deep Water than it should be, and the 647 
effect on AMOC and Antarctic Bottom Waters could be biased in this respect. However, it is 648 
difficult to be sure of this, given also the reduced turbulent mixing that occurs in the 649 
modelled vicinity of the Gulf of Cadiz compared to the real ocean. 650 
Returning our focus to the shallow ocean, the strong draw of North Atlantic water through 651 
the upper 500 m of the Gibraltar Straits pipe increases eastward- and, to a lesser extent, 652 
southward-flow across the Atlantic into the Mediterranean, as discussed above. This 653 
constricts the subpolar gyre northwards and westwards, reducing the circulation of relatively 654 
warm, subtropical water to higher latitudes. Consequently, the northernmost North Atlantic 655 
and the Labrador Sea freshen by up to 1 psu and cool by up to 3.5 °C (both annual means), 656 
also becoming more stratified in the upper 200 m (Figures 12c and 12d) with reduced vertical 657 
mixing. Similar to the GIN Seas, but opposite in direction, the resulting increase in sea ice 658 
cover and associated albedo feedback enhances this effect, which is greatest in the Labrador 659 
Sea (Fig. 6c). By the end of the run, Labrador Sea annual mean sea ice cover has increased by 660 
up to 25 % and annual mean surface air temperatures have cooled by up to 3.5 °C (Fig. 6c). 661 
Again, these climate anomalies are greatest in the boreal winter and spring, when sea ice 662 
cover reaches +60 % and surface air temperatures plummet by up to 8.25 °C in the Labrador 663 
Sea, with respect to control. 664 
 665 
4. Summary and conclusions 666 
In HadCM3, the presence of Mediterranean-Atlantic exchange acts to strengthen the export 667 
of North Atlantic waters at a depth of 1500 m to 2500 m to the Southern Ocean by up to 1 Sv, 668 
in good agreement with Rahmstorf (1998) and Chan and Motoi (2003). At the same time, 669 
NADW formation between 35° N and 58° N is weakened by 1-2 Sv, contrary to the 670 
suggestions of Reid (1979), Rahmstorf (1998), Bethoux et al. (1999) and Gómez (2003). 671 
Respectively, these changes are caused by the south- and north-westward spread of 672 
Mediterranean Outflow Water (MOW) 1200-1500 m deep from 35° N. The net effect is an 11 673 
% increase in Fov, which may have a stabilising effect on the current AMOC regime 674 
(Rahmstorf 1998; Dijkstra 2007; Huisman et al. 2010; Hawkins et al. 2011). However, these 675 
small perturbations in AMOC strength are insufficient to affect the HadCM3 present-day 676 
surface climate. Similarly, neither a quadrupling nor a quartering of the Mediterranean-677 
Atlantic mixing coefficient impacts North Atlantic circulation enough to induce a climate 678 
signal in the surface ocean or atmosphere, although they do increase and reduce Fov, and 679 
hence possibly AMOC stability, respectively. 680 
The only statistically significant surface climate signals arise from a change in 681 
Mediterranean salinity (>95 % confidence, using student t-test). Raising (lowering) 682 
Mediterranean salinity by an approximate factor of two increases (decreases) MOW salinity, 683 
and hence affects the buoyancy of MOW in the North Atlantic. It also enhances (reverses) the 684 
two-way Mediterranean-Atlantic flow structure by amplifying (and reversing) the salinity 685 
gradient across the Gibraltar Straits. This not only affects AMOC strength and the pattern of 686 
NADW formation, but is even more influential on shallow- and intermediate-water 687 
circulation in the North Atlantic, impacting the subtropical and subpolar gyres, as well as 688 
upwelling in the central North Atlantic and over the Greenland-Scotland Ridge. The GIN 689 
Seas, the Labrador Sea, the north and central North Atlantic, and the region immediately 690 
south-west of the Gibraltar Straits are most sensitive to the resulting changes in North 691 
Atlantic salinity and circulation, achieving regional climate anomalies in annual mean surface 692 
air temperature of ±4 °C or more. 693 
Although the changes in Mediterranean salinity in fresh-Med and salt-Med may be 694 
considered extreme in a modern context (Rahmstorf 1998; Somot et al. 2006; García-Ruiz et 695 
al. 2011), they are well within proxy-reconstructed fluctuations for the Mediterranean in the 696 
geological past (e.g. Clauzon et al. 1996; Krijgsman et al. 1999; Flecker and Ellam 2006; 697 
Rohling et al. 2008; Roveri et al. 2008; Govers et al. 2009; de Lange and Krijgsman 2010). 698 
Furthermore, recent modelling work identifies the Mediterranean as being particularly 699 
vulnerable to future climate trends (Mariotti et al. 2002; Gao and Giorgi 2008; Dubois et al. 700 
2011; Sanchez-Gomez et al. 2011), suggesting that current climate models under-project 21st 701 
Century changes in Mediterranean salinity and temperature. Also, on a much longer 702 
timescale, ongoing tectonic restriction of the Gibraltar Straits may eventually culminate in a 703 
salinity crisis akin to that of the Late Miocene, 5.96-5.33 Mya (Krijgsman et al. 1999). 704 
However, these suppositions aside, this work shows that the presence of MOW in the 705 
North Atlantic acts to enhance Fov, suggesting that it also stabilises AMOC (Rahmstorf 1996; 706 
Dijkstra 2007; Huisman et al. 2010; Hawkins et al. 2011); an effect that is amplified with 707 
increasing Mediterranean-Atlantic flow strength. However, in the model, the correlation 708 
between Fov and MOW strength under present day conditions is weak. In support of Bigg and 709 
Wadley (2001), Rogerson et al. (2006, 2010), Voelker et al. (2006), Penaud et al. (2011) and 710 
others, we propose that Mediterranean-Atlantic exchange has the propensity to play a much 711 
more important role in maintaining AMOC during periods of weaker NADW formation, 712 
whether in the geologic past, or anthropogenic future. Furthermore, our results provide strong 713 
evidence that fluctuations in Mediterranean-Atlantic water exchange have the greatest affect 714 
on North Atlantic circulation and global climate when they instigate a combined change in 715 
MOW buoyancy and flow strength. 716 
Our findings may be influenced by the simulation of an overly diffuse MOW core in the 717 
ocean interior. For example, a less diluted plume descending the continental shelf would 718 
probably not interact with intermediate and deep Atlantic Ocean circulation as significantly 719 
as in these simulations. On the other hand, the results may also be affected by the relatively 720 
deep injection of MOW to the North Atlantic (1200-1500 m) in our control. A shallower 721 
MOW plume that more closely matches observations could alter North Atlantic circulation 722 
more significantly and thus have a greater climatic impact than our control does compared to 723 
no-exch, as suggested by Ivanovic et al. (2013). Similarly, with a shoaled MOW plume in the 724 
North Atlantic, it is likely that increased interaction of relatively warm, saline, 725 
Mediterranean-sourced water with the northward flowing components of the AMOC and the 726 
shallower North Atlantic gyres would enhance the effect of fluctuations in Mediterranean-727 
Atlantic flow strength shown here. Future work will examine this more closely.  728 
In short, our atmosphere-ocean GCM results suggest that deeper ocean circulation 729 
(including the AMOC and Antarctic Bottom Water formation) is sensitive to changes in 730 
Mediterranean-Atlantic exchange, mainly through the provision of relatively saline water to 731 
the deeper, exporting branches of the AMOC south of the Gibraltar Straits, as per Rahmstorf 732 
(1998), Chan and Motoi (2003) and Kahana (2005). However, in the current regime of 733 
relatively strong AMOC, it is the influence of Mediterranean-Atlantic exchange on MOW 734 
buoyancy and strength that has the greatest effect on climate. By controlling the way MOW 735 
interacts with shallow and intermediate circulation currents; including the North Atlantic 736 
Drift, subtropical gyre and subpolar gyre; a large (factor of two) change in Mediterranean 737 
salinity exerts a climate control of several degrees on shallow water and atmospheric 738 
temperatures in the North Atlantic, GIN and Labrador Seas. Therefore, for projections of 739 
future climate change, it will be important to consider the effect of regional climate trends 740 
over the Mediterranean, as well as human-controlled changes in river flow into the basin, 741 
within the global (or at least North Atlantic) context, especially if there are concurrent 742 
changes in AMOC strength and stability. However, over the course of the next century, we 743 
would not expect to see such large changes in Mediterranean or Gibraltar Straits conditions as 744 
have been modelled here without direct, catastrophic, human interference with the 745 
0HGLWHUUDQHDQ¶Vhydrological budget; such as damming the Gibraltar Straits or enhanced 746 
Mediterranean freshwater consumption. Small changes in Mediterranean salinity conditions 747 
alone are unlikely to noticeably impact North Atlantic circulation or climate.  748 
Moreover, we have shown that in such GCM research, careful consideration must be given 749 
to the model-specific representation of Mediterranean Outflow in the North Atlantic. This is 750 
because the buoyancy of MOW affects the extent to which it interacts with and contributes 751 
towards shallow and intermediate North Atlantic currents, which in turn govern regional 752 
surface climate.  753 
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1032 
Figures 1033 
 1034 
Figure 1. The direct effect of the presence of Mediterranean-Atlantic exchange on HadCM3 1035 
Atlantic annual mean salinity and potential temperatures characteristics in HadCM3. The 1036 
anomalies shown are for (a) and (c) salinity, and (b) and (d) potential temperature, as 1037 
produced in control with respect to there being no Mediterranean Outflow Water in no-exch. 1038 
Projections (a) and (b) are cross-sections across the North Atlantic at 35° N, which is the 1039 
latitude of the Gibraltar Straits. Projections (c) and (d) are taken at an ocean depth of 1501 m.  1040 
 1041 
1042 
 1043 
Figure 2. Annual mean anomalies for control with respect to no-exch in (a) Atlantic 1044 
Meridional Overturning Circulation (as given by the stream function) and (b) North Atlantic 1045 
Ocean potential density at 1501 m deep (given as the difference from 1000 kg m-3). In control 1046 
Mediterranean-Atlantic exchange occurs at 35° N. Using a student t-test, there is >95 % 1047 
confidence in the significance of the anomalies shown. 1048 
 1049 
1050 
 1051 
Figure 3. Mediterranean-Atlantic easterly and westerly water transport fluxes from the start 1052 
of each run through time for quad-exch, control and quart-exch. doub-exch and half-exch 1053 
show the same behaviour as quad-exch and quart-exch (respectively), but with more muted 1054 
differences from the control, as described in section 3.2. 1055 
 1056 
1057 
 1058 
Figure 4. Log scale of the Mediterranean deep level tracer after 50 years of model run 1059 
showing the difference between (a) and (c) control, and (b) and (d) fresh-Med. Projections (a) 1060 
and (b) show the tracer at a water depth of 5 m, whereas (c) and (d) are at a depth of 1501 m. 1061 
The tracer was input to the Mediterranean below 500 m deep and has an arbitrary volume 1062 
density of 1 m-3 at the start of each simulation. After 50 years have elapsed, enough 1063 
Mediterranean water has exchanged with the North Atlantic to track the flow path of 1064 
Mediterranean Outflow Water (MOW) in the global ocean. An example of the deep level 1065 
WUDFHU!PLVLOOXVWUDWHGEHFDXVHLWLQGLFDWHV02:¶VIORZSDWKLQWKH$WODQWLF2QO\D1066 
very small amount of the shallow and intermediate level tracers (<150 m and 150-500 m, 1067 
UHVSHFWLYHO\QHLWKHUVKRZQOHDYHVWKH0HGLWHUUDQHDQWKXVOLWWOHLQIRUPDWLRQDERXW02:¶V1068 
flowpath in the Atlantic is provided by these other tracers. However, from the combined 1069 
tracer results (not all shown), it is clear that most MOW consists of water originating below 1070 
500 m, even in fresh-Med, when MOW is a shallow current.  1071 
 1072 
 1073 
Figure 5. Greenland-Iceland-Norwegian (GIN) Seas annual mean potential temperature 1074 
through the upper 500 m of the water column at 69° N 14° W for normal control and fresh-1075 
Med. 1076 
 1077 
 1078 
Figure 6. (a) Annual mean surface air temperatures produced in control. Annual mean surface 1079 
air temperature anomalies produced in (b) fresh-Med and (c) salt-Med with respect to control. 1080 
Areas with <95 % confidence in significance (using student-test) are shaded dark gray. 1081 
 1082 
  1083 
 1084 
Figure 7. North Atlantic annual mean potential temperature through the upper 500 m of the 1085 
water column at 45° N 39° W in control and fresh-Med. 1086 
 1087 
1088 
 1089 
Figure 8. (a) Annual mean Atlantic Meridional Overturning Circulation (AMOC) strength in 1090 
control. Annual mean AMOC strength anomalies for (b) fresh-Med and (c) salt-Med, with 1091 
respect to control. Mediterranean-Atlantic exchange occurs at 35° N. The anomalies are 1092 
given with >95 % confidence in their significance using a student t-test. 1093 
 1094 
 1095 
Figure 9. Eastern North Atlantic annual mean (a) salinity, (b) potential temperature and (c) 1096 
potential density (given as anomalies from 1000 kg m-3) in the upper 500 m of the water 1097 
column in control and fresh-Med at 33° N 10° W; the vicinity of the Gulf of Cadiz. 1098 
 1099 
1100 
 1101 
Figure 10. Annual mean salinity anomalies from North Pole to South Pole, averaged over 60° 1102 
W to 10° W to capture the Atlantic and adjoining Southern Ocean, achieved for salt-Med 1103 
with respect to control. 1104 
 1105 
 1106 
Figure 11. Annual mean ocean potential temperature anomalies at a depth of 1501 m for salt-1107 
Med, with respect to control. 1108 
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 1111 
Figure 12. Ocean annual mean salinity, potential temperature and potential density (given as 1112 
anomalies from 1000 kg m-3) in control and salt-Med at (a) 47° N, 46° W in the North 1113 
Atlantic; (b) 72° N, 5° W Greenland-Iceland-Norwegian (GIN) Seas; (c) 63° N, 28° W in the 1114 
northernmost North Atlantic and (d) 60° N, 60° W in the Labrador Sea. 1115 
